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known environmental drawbacks, equipping embed-
ded systems with batteries is a very expensive approach 
of providing them with energy, since these batteries will 
inevitably be depleted—either through useful work or 
self discharge and leakage. especially the need for human 
intervention to replace depleted batteries with new ones 
exceeds the cost of these batteries in commercial applica-
tions (Barosso and roedig 2004). While ongoing research 
is being conducted to extend the number of charge/dis-
charge cycles of rechargeable batteries, current generation 
rechargeable niMh or lithium batteries will need replace-
ment after 1,000 cycles (Verbelen and Touhafi 2013). For 
a system with a period of one day, this would imply immi-
nent replacement is necessary within less than 3 years. 
There are also many ethical, environmental and economi-
cal concerns associated with the use of batteries (Verbe-
len et al. 2013). The increasing popularity of autonomous 
embedded systems, which need to have an ideally infinite 
lifetime (and thus power source) encourages designers to 
stray off the path of battery powered only systems and look 
beyond chemical energy sources to power their systems. 
harvesting energy from the system’s environment presents 
a viable solution for the problem of how to provide power 
to a system for prolonged periods of time in a reliable and 
economically feasible way.
In this paper, Sect. 2 starts with the identification of the 
problems resulting from current energy harvesting solu-
tions, and an overview of previous work. Sections 3 and 4 
suggest a solution by breaking up the behavior of harvest-
ing generators in 3 parameters, and applying them to a sys-
tem which is able to harvest energy from more than one 
source. Section 5 elaborates the practical aspects of multi 
sourced periodic systems. Section 6 discusses the problem 
of generator balancing and the introduction of the harvester 
coefficient, while Sect. 7 focuses on practical generator 
Abstract The specific technical challenges associated 
with the design of an ambient energy powered electronic 
system currently requires thorough knowledge of the envi-
ronment of deployment, energy harvester characteristics 
and power path management. In this work, a novel flex-
ible model for ambient energy harvesters is presented that 
allows decoupling of the harvester’s physical principles and 
electrical behavior using a three dimensional function. The 
model can be adapted to all existing harvesters, resulting in 
a design methodology for generic ambient energy powered 
systems using the presented model. We also present a solu-
tion for the mathematical problem involved with the opti-
mization of generator sizes when more than two harvesters 
are used, and demonstrate the ease of use of this solution 
for implementations on embedded systems with few system 
resources. concrete examples are included to demonstrate 
the versatility of the presented design in the development of 
electronic appliances on system level.
1 Introduction
embedded systems with low power requirements are cur-
rently often equipped with a finite energy source, practi-
cally almost always one or more chemical cells acting as 
the only power source for the system. aside from well 
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sizes. Sections 8 and 9 suggest opportunities for future 
work by analyzing the parametrization of generator effi-
ciency. Finally, Sect. 10 concludes the paper with a sum-
mary of the presented work.
2  Current energy harvesting approach
Despite the rising awareness of developers about the oppor-
tunities provided by energy harvesting to prolong the auton-
omy of their applications, too often energy harvesting is 
simply seen as a replacement for batteries. This is evidenced 
by the numerous integrated energy harvesting capable mod-
ules currently existing on the market, such as those commer-
cially distributed by enOcean (Isaac and Mike 2011) and 
Powercast (Ostaffe 2009). Many system engineers seek off-
the-shelf energy harvesting solutions. recently, plug&play 
energy harvesting solutions have drawn significant attention 
from the industry (clarke 2010; Tansel 2011) and energy 
harvesting generators having the form factor of aa or aaa 
batteries are often seen as ideal situations.
To maximize the power harvested from them, however, 
ambient energy sources demand designers to think beyond 
the conventional battery–electronics concept. rather than 
seeing the ambient energy powered generator (hereafter 
addressed simply as generator or harvester) as a replace-
ment for batteries, it is a necessity to adapt the application 
to the environment it is designed to operate in, and engi-
neer the electronics with the generator as foundation. con-
sequently, sales of these off the shelf energy harvesting 
solutions have in most cases shown sales disproportional to 
the enthusiasm with which they were received. Ironically, 
on the other side of the spectrum stand alone harvesters 
have seen a greater success despite their lack of integration 
(Fowler and Sherr 2012).
Insight in the matter reveals that the highly volatile nature 
of ambient energy sources, combined with the requirement to 
tune harvesters to these sources, prevents the construction of 
energy harvesting black boxes. electronics developers also 
often lack knowledge of the physical principles on which 
energy harvesters are based, further obstructing the integra-
tion of ambient energy harvesters in electronic appliances. In 
Sect. 3 a methodology is proposed to solve this problem for 
efficient use of ambient energy harvesting techniques. The 
scientific principles of operation are disconnected from their 
technological properties in order to make the application of 
energy harvesting more transparent.
3  Modeling generator parameters
consider any generator g that is able to capture ambient 
energy from its environment and convert it into electrical 
energy. The power output of g is Pg, equal to the voltage 
over g multiplied by the current that it is able to deliver at 
that voltage. Since the amount of ambient energy φ tends 
to vary, the generator’s power Pg(t) is also a function of the 
time. The function Pg(t) makes it considerably more diffi-
cult to engage in the dimensioning of a system powered by 
g since the boundaries of Pg(t) (its minimum and maximum 
value) are unknown. To overcome this issue, it is necessary 
to break Pg apart in a set of parameters, and then model 
these parameters individually to build up a practically usa-
ble model of Pg(t).
When comparing datasheets of generators of different 
types, it immediately becomes apparent that the number 
of parameters that influences Pg is very large: the size of 
the generator, its type, the amount of energy in its range, 
the temperature and humidity it is operating in, the effi-
ciency with which it is able to convert ambient energy into 
electricity, the position of the generator with respect to the 
ambient energy source etc. needless to say, practical calcu-
lations of ambient energy powered embedded systems will 
become increasingly complicated when hogging all these 
parameters into the equations, which does not help the sim-
plification of the problem forward.
The approach presented in this paper attempts to model 
Pg(t) as a function of 3 parameters, each grouping the influ-
ences of a specific nature together. We distinguish technol-
ogy, environmental and application specific parameters.
3.1  Technology specific parameters
a collection of technology specific parameters such as the 
type of materials used in the construction, the quality of the 
materials, the scientific principles on which the generator 
is based, etc. are not subject to change by the application 
designer using the generator. These parameters are decided 
by the generator’s manufacturer or limited by physical bar-
riers, and determine the maximum amount of power pg a 
generator g is able to capture in the most optimal condi-
tions. The variable pg is a property of the generator that 
must be specified by the manufacturer, or can be tested 
by measuring the power output of a generator in reference 
conditions.
Within the scope of the design process of a single appli-
cation, pg will be constant. however, as technology pro-
gresses and advances are made in the manufacturing pro-
cesses of generators, pg gradually increases. an important 
practical consequence of this is that it is useless to create a 
“final” list of pg values per ambient energy type.
The value of pg as parameter is only useful when it is 
normalized because within a group of generators for the 
same type of ambient energy, the size of the generator can 
vary between manufacturers. This results in a generator 
power pg corresponding to the specific maximum power per 
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unit of size, e.g. per cm3 for volume oriented generators or 
per cm2 for surface oriented generators.
3.2  environment specific parameters
The environment specific parameters unite all external 
influences on the generator, such as changing atmospheric 
conditions and fluctuations in the ambient energy φ. Sec-
tion 8 further elaborates on these parameters, determining 
the efficiency of the generator ηg. as will be demonstrated, 
ηg strongly varies in time, and is responsible for the relia-
bility issues often associated with ambient energy powered 
systems.
3.3  application specific parameters
The designer of an ambient energy powered electronic 
system cannot influence technology specific param-
eters defined by pg, nor influence environment specific 
parameters referred to with ηg. There is however one 
parameter the designer is able to modify, specifically 
for the application itself, being the size of the chosen 
generator μg.
It is important to note that a correlation between pg 
and μg exists because the performance of a generator 
design depends on its size. Since it is technologically easier 
to make power conversion mechanisms more efficient on a 
larger scale, the specific generator power will be a function 
of its total size denoted by pg(μg).
3.4  Power of an energy harvesting generator
let ς be the size reference for generators, defined as 1 cm2 
for surface oriented generators (such as solar panels) and 











= ς and ηg is a dimensionless effi-
ciency, these parameters express the power of the generator 





In this equation, pg denotes the normalized maximum 
generator power per unit of size, μg denotes the size of 
the generator, and hence pg μg corresponds to the total 
maximum power a generator of size μg can produce. Fig-
ure 1 shows an example of this mechanism for the case 
specific power output of a fixed size photovoltaic genera-
tor in natural lighting conditions. The maximum output is 
reached when the generator’s efficiency ηg equals 1. This 
expression can now be used to investigate the limitations 
of a single generator powered system. note that the nota-
tion of μg, using ς, is a simplification with the sole purpose 
of formulating a single equation to incorporate both surface 
oriented and volumetric generators.
(1)Pg(t) = µgpg(µg)ηg(t).
3.5  example
assume in a subway station, it is desired to count 
the number of passengers that enter through a certain 
entrance to obtain an overview of rush hours in that spe-
cific station. after benchmarking, it is determined that 
the most prominently available ambient energy source 
is kinetic energy from the moving passengers (O’Donell 
2008; Shenck and Paradiso 2001). a comparison is made 
between 3 harvesters for kinetic energy, denoted as gen-
erators g1, g2 and g3.
harvester g1 has a maximum rating of 200 mW and 
a nominal maximum output of 182.5 mW ± 10 % and a 
rated output voltage of 150 Vac for a volume of 0.821 dm3 
(arveni 2013). This allows the power p1 of this harvester to 
be calculated, assuming linear extrapolation, to p1 = 222.3 
W/m3 ±10 %. a second harvester has a rated energy out-
put of 2.1 mJ per pulse for a force of 3.4 n in a volume of 
15 mm x 62 mm x 10 mm (arveni 2012). With a pulse with 
of 250 ms (arveni 2012) this results in a yield of 8.4 mW 
for a volume of 9.3 cm3 which is equivalent to a power p2 
= 91×102 W/m3. Finally, an experimental prototype with 
unspecified thickness has an energy yield of 0.4 μJ/mm2. 
The authors cite a pulse duration of 0.1 ± 0.05 s (Kru-
penkin et al. 2011; Fig. 2), which, again assuming linear 
extrapolation, gives a power p3 = 4 W/m2 ±2 W/m2.
Depending on the requirements in situ, this helps to 
compare the size of the harvesters for a given output, since 
the excitation ηg will be nearly identical as long as all three 
are deployed in the same environment and are harvesting 
from the same energy source. When the power consump-
tion of the embedded system is known, this readily allows 
computation of the required minimum harvester sizes. In 
a practical situation, factors such as harvester cost and life 
time will also affect the decision making process. These 
Fig. 1  Yield of a photovoltaic solar cell as a function of the effi-
ciency μg which varies over a 3 day time interval. The applicate 
denotes the output power P for any generator size μg assuming the 
maximum power output pg is constant (µgpg ∈ ℜ+)
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were omitted in the example for clarity on recommendation 
of a reviewer.
4  Multi sourced energy harvesting
4.1  Single harvester drawbacks
From a physical perspective, a large variety of different 
energy types are available in any environment. In an urban 
outdoor environment for example, various types of energy 
are present. energy can be harvested from sunlight, wind, 
vibrations (from traffic or noise), heat from vehicle exhaust 
pipes etc. however, strangely enough, most ambient energy 
powered outdoor systems described in literature case studies 
are limited to a single energy source, being sunlight. Sun-
light has notable advantages, such as its high energy poten-
tial, matured and widely available generators. however, it 
also has the obvious disadvantage of unavailability during 
night and cloudy moments. The classic solution applied 
to these problems is incorporating a battery to bridge the 
nights, and a solar cell with double size to charge the battery 
during the day aside from powering the connected system 
simultaneously. Often the total surface of the solar cells is 
over-dimensioned to compensate for uncertainties. also the 
case in which the entire solar cell array is covered under 
a thick layer of snow for weeks in a row during winter is 
deliberately “forgotten” to obfuscate the apparent design 
flaw in this kind of single generator applications.
a second drawback of this approach is the uncertainty 
involved with modular energy harvesting solutions. When 
deploying a generator with a guaranteed nominal power, 
the targeted environment is often unverified for the particu-
lar energy source. Generator manufacturers provide power 
ratings, but seldom an exact relationship between the power 
output and the available ambient energy is published. 
This makes the integration of a generator in a new design 
research intensive and a project on its own. Strong efforts 
are necessary to translate the generator’s specifications into 
a usable model. as a consequence, ambient energy pow-
ered systems based on a single harvester are currently only 
considered an option for applications which do not require 
high reliability.
The from an energetic point of view most viable solu-
tion for the problems above is the extraction of energy from 
multiple energy sources in the system’s environment. When 
proper power conditioning circuitry is applied, the system 
can profit from the power generated by a multitude of gen-
erators simultaneously. For a system with a single energy 
harvesting generator, a stable operation is only assured 
when the consumed power of the system Ps is smaller than 
or equal to the power generated by the generator Pg(t) as 
expressed in eq. 1 and the efficiency of the power condi-
tioning circuitry ηp:
When ηg decreases due to a drop of the amount of ambi-
ent energy the generator is able to extract from the environ-
ment, then the system will cease to function correctly, i.e. 
when ηg < Pspgµgηp .
4.2  Transition from single to multiple harvesters
When n generators are attached to the power conditioning 
circuitry, this introduces n (largely) independent efficien-
cies ηg:
This implies the threshold at which the system fails is 
now dependent on the share of the dropped generator in 
comparison with the other generators and their respective 
powers:
hence, by increasing the variety of connected harvest-
ers n, the stability of the system can be increased assuming 
pμg_1g_1ηg_1 ≈ pg_2μg_2ηg_2 ≈ ... ≈ pg_nμg_nηg_n. To protect 
the system from the scenario that x ≤ n generators fail com-
pletely or experience a drop of ηg with more than 90 % (in 
the latter situation the power conditioning circuitry will be 
unable to convert the generator output into usable energy), 
the size of all generators must be increased accordingly 
with a factor f:
























Fig. 2  a system with 2 independent generator outputs Pg1 (1) and 
Pg2 (2) profits from the harvested energy from both generators simul-
taneously (3), decreasing its dependency on a single generator and 
increasing the system’s reliability
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Since it was also previously assumed that all n gen-
erators have an output power of a comparable magni-
tude, denoted by pg_1μg_1ηg_1 ≈ pg_2μg_2ηg_2 ≈ ... ≈ 
pg_nμg_nηg_n, the expression above can be simplified to
with x ≤ n. Dividing the previous equation by pg μgηg and 
rearranging the terms gives an expression for the correction 
factor f:
Substitution of (4) in (3) expresses how every generator 
in a system with n generators must be over dimensioned to 
compensate for the failure of x generators.
In a real situation however, the previously made assump-
tion that all generators have a comparable output power, is 
a rough simplification. The calculated f is consequently an 
underestimation of the actual f required for system stability.
Since
for a finite x, the reliability of the system’s power supply 
can be increased by increasing the variety of generators 
n, assuming no strong correlation exists between energy 
sources. note however that the method of decreasing the 
failure threshold in case of a single generator blackout con-
sists of increasing the power of every generator by a fac-
tor n
n−1 , which in practical situations corresponds to the 
increase of the generator’s size μg. and even in this situ-
ation the operation of the system is not guaranteed, since 
for a finite n, an x + 1 failing generator will still result in 
the failure of the system. Since n is very limited in reality 
as demonstrated in Sect. 8, this leaves an open problem for 
which a solution is suggested below.
4.3  Influence of the system’s regime
a second point of attention is the power consumption of 
the system Ps. Previously Ps has been considered constant, 
which is often not true for a real world electronic system. 
For example, a sensor node along a railway to detect the 
passing of trains will require more power during the day 
since more trains tend to pass, and thus more signals must 
be sent to the control room. On the other hand, during the 
day also more energy is available due to the presence of 
sunlight and the frequent passing of trains. hence, when 
the size of the generators μg_i needs to be calculated, it is 
















necessary to correlate the power requirements of the sys-
tem with the ambient energy available to the system. Using 
the worst case power consumption of the system Ps,max will 
lead to an overestimation of the required generator sizes 
and hence a higher cost and overall size of the system. 
equation 2 shows that in case of a proportional correla-
tion of Ps and the efficiency of the generator ηg, the size of 
the corresponding generator may remain constant. This is 
unfortunately not true for most generators, which yield a 
high ηg for short periods of time followed by comparably 
long periods of ηg approximately equal to zero. Figure 2 
demonstrates the energetic advantage of using multiple 
uncorrelated environmental energy harvesters.
The classic solution for both problems is the dimension-
ing of the generator sizes based on average power con-
sumption. Due to the law of conservation of energy, this 
implies that a storage medium for energy must be intro-
duced into the power conditioning circuitry, altering ηp. 
Since dW = P dt, the introduction of the time element nec-
essary to allow averaging, shifts the equation center from 
power to work, changing eq. 3 into an expression for the 
system’s energy balance:
In eq. 6, T represents the period of the system. To be 
100 % reliable it is required that T = ∞, the energy stor-
age device has an infinite capacity. It should also provide 
energy without having it previously stored. Obviously this 
is practically unfeasible as well as unnecessary since many 
real world electronic devices know a far shorter period 
grafted on environmental factors. a day or week are com-
mon periods, since these correlate strongly to natural and 
human behavior.
Since T depends on environmental factors it cannot be 
calculated, however it can be fairly easily estimated based 
on benchmarking of the desired environment and cross ref-
erencing with common periods (day, week, etc.).
5  Harvesting for periodic systems
In the previous section, it was for simplicity assumed 
that the power consumption of the system Ps is highly 
irregular. By contrast, typical electronic applications do 
show a regular period, either triggered by interaction or 
by self timed operation (e.g. clock). With the drawback 
of introducing uncertainty into the energy balance, eq. 6 
can be further simplified by assuming the system knows 
two states: an active state in which a power Pactive is con-
sumed during a time d, and a standby state during which 
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with these patterns include mobile phones (state dur-
ing calls vs. stand by state), automated sensor modules 
(state during sampling of the sensor(s) and transmitting 
this data vs. sleep state), mp3 player (state during which 
music is played vs. turned off state) and many others. 
This does not necessarily mean that the left and right side 
of eq. 6 conduct the same period. For example, a solar 
powered traffic counter has a harvester period of a day 
(the day and night cycle), while the period of the system 
is the average time between passing vehicles. hence it is 
necessary to make a distinction between both. let T1 be 
the least common multiple period of all generators and T2 
the period of the system. equation 6 can then be rewrit-
ten to keep the balance between produced and consumed 
energy:
Using the previously described elaborated regime 
model, the following simplification is derived:
a notable advantage of this trade off becomes appar-
ent considering that the discrete values Pactive and Psleep 
can be found by summing the power consumptions of all 
system components in only 2 situations. Simulation tools 
such as SPIce (Simulation Program with Integrated cir-
cuit emphasis) (nagel and Pederson 1973) can be used to 
accurately determine the power consumption of analog cir-
cuitry, while the power consumption of digital components 
can be found in their respective datasheets. This makes 
solving the left side of the equation considerably easier, 
assuming T1 and T2 are known through benchmarking. It 
consequently provides a powerful tool for practical system 
designers, as shown in Sect. 8.
5.1  concrete example of multi source harvesting
Despite a theoretical approach to the problem, the pre-
sented theory can be easily applied to real world situations. 
consider for example a sensor module attached to the 
metallic parts of the support beams of a roller coaster con-
struction to monitor structural integrity. logically it can be 
expected that all major construction elements are equipped 
with such sensor modules. When wired solutions are cho-
sen, this translates to a lengthy cable installation. exposed 
to the weather elements, such a setup would be prone to 
random errors, making a wireless solution a better choice. 




















Pactived + Psleep(1 − d)
]
a quick analysis of the system uncovers three essential 
elements: a wireless transmitter, a corrosion sensor, and 
a microcontroller unit to collect measurements and trans-
mit them wirelessly. located in an outdoor environment, a 
large variety of environmental energy sources are available. 
In this particular situation, two sources with high potential 
might be identified: sunlight and track vibrations.
Sunlight, which can be harvested with a photovoltaic 
cell generator, provides a steady but relatively low sup-
ply of power during the day. The efficiency ηg of the gen-
erator will be at maximum around noon, and nearly zero 
between sunset and sunrise. after benchmarking the effi-
ciency of the solar cell ηg_s, it may for example be found 
that ηgs(t) ≈ esin(
π
720 t−1)
 (with t in minutes). The track 
vibrations on the other hand, harvestable using piezoelec-
tric generators, will provide a high power spike with a 
very short duration. This happens when a train passes on 
the track segment which is monitored by the module. The 
efficiency of the piezoelectric harvester ηg_v may be deter-




. note that the expressions 
for ηg_s(t) and ηg_v(t) are rough approximations of how 
the parameter ηg would evolve in time for a solar cell and 
a vibration harvester. For the sake of demonstration these 
behaviors were simplified to functions, whereas in actual 
applications ηg would be measured, and thus be represented 
by a sequence of samples.
neither environmental energy source is suitable to 
power the entire system alone. When only a photovoltaic 
cell would be used, its constant but low power output would 
prohibit high power wireless transmissions. With only a 
piezoelectric generator, high power wireless transmissions 
will be possible, but the sensor would remain unpowered 
during the dead time between two passing trains. Of course 
this problem can be solved by over dimensioning either 
generator and accumulating enough charge into batteries 
or capacitors to perform the desired action, but this would 
increase the cost and size of the module significantly. The 
presented theory can easily provide a solution here.
By combining both generators, their respective output 
powers can be added up to power the system as demon-
strated in eq. 7. assume for the purpose of demonstration 
for the solar cell a period of 1 day (60 × 24 min) and for 
the vibration harvester a train passing by every 4 min. The 
system acquires a measurement and transmits it every 30 
min, requiring a power of 2 W for 1 s and remaining in a 20 
mW sleep state the rest of the time. Finally, let the power 
path circuitry have a realistic efficiency ηp = 0.8. This is 
enough information to solve the problem. as explained in 
Sect. 5, the following expressions for the right and left side 
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and
The generator parameters pgs and pgv are characteristic 
for the solar cell or piezoelectric generator, respectively, 
and may be treated as constants within the scope of this 
application. This leaves the generator sizes µgs and µgv the 
only variables in the equation. These variables can be found 
by choosing either µgs or µgv , and calculating out the other 
by solving the equation. Mathematically it does not matter 
which parameter is chosen, but in practical situations the 
quantization of available generators will play an important 
role as explained in Sect. 8.2 (e.g. the piezoelectric genera-
tor is built up of a natural number of piezoelectric crystals). 
In the example above, the best solution may be found by 
selecting one or more piezoelectric harvesters with a com-
bined size µgv that is as close as possible to satisfying the 
peak power requirements of the system. The photovoltaic 
cell surface µgs required to satisfy the rest of the power 
requirements can then be calculated by substituting µgv in 
the equation and solving it for µgs .
6  Balancing generator sizes
In a system powered by complementary balanced energy 
harvesting, the combined power output of n generators 
must be equal or greater than the power requirements of the 
system, as shown in eq. 3. Since the parameter pg repre-
sents the maximum output of the generator in ideal circum-
stances and ηg the varying environmental factors, the only 
factor that can influence the generator’s power output is its 
size, μg.
considering μg ≥ 0; 1 ≥ ηg ≥ 0 and pg > 0, a minimum 
output Ps can be generated by choosing the sizes accord-
ingly. assume n harvesters with sizes μ1, μ2…μn and pro-
vided that corresponding efficiencies η1…ηn have no com-
mon zero point, e.g. ∀t ∈ [0, T ] : ∑nk=1 ηgk (t) > 0.
In this case, the sizes of the n generators can be chosen 
so that at any given time at least the minimally required 
power Ps is generated. a technologically optimal solution 
exists when the combined size of all the harvesters is mini-
mal, which minimizes resource requirements, cost, weight 
and volume in the process.
The optimal size of every generator at any given time in 
a single period of system operation depends on the power 
requirement of the system, on the relative power output 
























n − 1 other generators feeding the system. For n generators 
the problem can be expressed as
6.1  Mathematical feasibility
The generator’s maximum outputs p1, p2,…, pn and the 
system’s power requirement Ps can be treated as constants 
within this scope. This leaves n variables, μ1,  μ2,…, μn 
subject to optimization. For every t ∈ [0, T ] the combined 
output of all harvesters 
∑n
k=1 Pgk must equal or greater 
than Ps so that the total harvester size 
∑n
k=1 µgk is mini-
mal. Since t is continuous in [0, t] this presents a math-
ematical problem with n + 1 variables and an infinite 
number of constraints, known as a semi-infinite program-
ming problem (hettich and Kortanek 1993). Solutions 
for this type of problems can be found using advanced 
optimization theory, but the mathematical complexity of 
these methods make them too cumbersome for frequent 
use in energy harvesting applications. however, harvest-
ers in real world applications have discrete rather than 
continuous sizes (e.g. installing a solar cell of arbitrary 
size would be prohibited by the cost to manufacture such 
a custom cell). This has proven advantageous to simplify 
the problem. In the following sections we present a solu-
tion that is less computation intensive, that can easily be 
implemented in an algorithm, and is also easy to tweak to 
specific needs.
6.2  complementary balancing for 2 generators
Because of the large number of parameters in a system 
with n ∈ N0 harvesters, we first discuss the relationships 
between the parameters for a system with 1 (n = 1) and 2 
(n = 2) harvesters before presenting the generalized solu-
tion for n harvesters.
For the situation where n = 1, eq. 9 can be simplified 
to pgμgηg ≥ Ps which essentially is the simplest form of 
the energy balance earlier discussed, and also the simplest 
topology of an ambient energy powered system despite not 
truly being a case of complementary harvesting. If in the 
period T the minimum efficiency of the generator ηg, and 
thus the corresponding power output pgηg, occurs at a 
tm ∈ [0, T ] with ∀t ∈ [0, T ] : ηg(tm) ≤ ηg(t) then the size of 
the generator can be calculated as
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If n = 2, the sum of the generated power depends on 2 
generators g1 and g2 with each corresponding pg,  μg and ηg 
parameters. Both ηg_1 and ηg_2 are functions of t but statisti-
cally independent. The energy balance can be written as
again assuming that ∀t ∈ [0, T ] : ηg1(t) + ηg2(t) > 0 as 
condition for a solution to be found. Since the problem to 
solve here is finding the sizes of the generators µg1 and µg2 , 
the equation has 3 variables µg1, µg2 and t. a graphical repre-
sentation can be seen in Figs. 3, 4. For every slice in the hori-
zontal µg1µg2 plane, the variable t is held constant at t = ts 
and the equation of the intersection is
Transforming (11) in function of µg1 to retrieve the edge 
line equation gives
which is the equation of a falling line with slope − pg2 ηg2 (ts)pg1ηg1 (ts) .
 











. This line graphically 
represents all combinations of µg1 and µg2 for which the 
(10)µg1 pg1ηg1(t) + µg2 pg2ηg2(t) ≥ Ps








generators g1 and g2 have a combined power output of Ps 
at any given time ts ∈ [0, T ]. an optimal solution is found 
when both µg1 and µg2 are minimal. This point can be 
found by constructing a minimum curve
and solving it for either variable. This results in 2 equations 
i(µg1) and j(µg2) :
The equations i(µg1) and j(µg2) are lines in the first quad-
rant where a minimum positive value must exist; these min-
ima represent the most optimal size configuration of µg1 
and µg2 . as example for i(µg1) this yields in
with µg1,m and µg2,m the minimum sizes of g1 and g2 respec-
tively. This equation proves that at any moment ts in the sys-
tem’s period, the generator with the highest efficiency is to 
be maximized in size, while all generators with lower effi-
ciency will be nullified. This is expected because this genera-
tor also dominates the energy balance, and yield information 
for the generators is the remainder of the period is omitted, 
thus missing an infinite number of additional critical con-
straints. In the next section, we present an approximation 
that includes constraints from the entire period [0, T ].
6.3  Balance for multiple harvesters
Knowing the relative performance of each harvester in a 
system powered by n harvesters is a prequirement for deter-
mination of the optimal size combination. In order to obtain 
representative results, the influence of each generator’s size 
m(µ) = µg1 + µg2




















Fig. 3  Three-dimensional representation of the optimization 
problem as function of time t and the two generator sizes µg1 and 
µg2 . any cross section at any given time ts is a line with equation 
µg1 pg1ηg1 (ts) + µg2 pg2ηg2 (ts) = Ps.
Fig. 4  Optimization problem for 3 cross sections at ts, tu, tv ∈ [0, T ], 
with equation of the line given for ts
1015Microsyst Technol (2014) 20:1007–1021 
1 3
µgi must be eliminated. For simplicity the generator size is 
held constant at unity (µgi = 1) throughout the following 
paragraph.
6.3.1  Regime influence
assuming the n harvesters powering the system are statisti-
cally independent, the optimal size of a specific harvester gi 
will be determined by 3 factors:
•	 the power ratio of the generator with respect to the other 
n − 1 harvesters;
•	 the magnitude of the average power output;
•	 the stability of the power output over the entire period T.
The first and most significant factor is the ratio of a 
generator’s power output in comparison to the combined 
output of the other generators at any given time. When the 
combined output power of all the other generators is low in 
comparison to a single generator, the relative importance of 
its contribution to the power balance of the system is high. 
conversely, when a generator’s output is low in compari-
son to the other generators, then its significance is lowered 
proportionally.
For a generator gi the power ratio κ1 can be expressed as
If gi has a constant output power of 0 then κ1 = 0. Because 
0 ≤ κ1 < ∞, the factor κ1 is a useful first indication for 
the significance of a generator in the power balance of the 
system.
a second factor κ2 is the magnitude of the average 
power output of the generator. Generators with high 
average power output have a higher contribution to the 
power balance of the system. considering 1T
∫ T
0 pgiηgi(t)dt 
the average power output of a generator gi, κ2 can be 
expressed as
The third factor κ3 represents the degree of fluctuations 
of power output within a period of the system. It makes use 
of a continuous time standard deviation to quantize how 






































In eq. 15 the standard deviation is easily recognizable, 
with 1T
∫ T
0 pgiηgi(t)dt representing the average power out-
put of the generator from which to calculate the deviation. 
The inner square ensures that only positive deviations are 
summed, so that positive and negative deviations do not 
cancel each other out. The total deviation is increased by 1 
so that κ3 approaches unity when the deviation with respect 
to the average power output approaches 0, e.g. when the 
gi has a constant power output. Since the standard devia-
tion is a positive value, κ3 will also be a positive value with 
0 < κ3 ≤ 1.
6.3.2  Harvester coefficient
The three factors κ1, κ2 and κ3 can now be combined to 
attribute a value to a generator gi as part of a system pow-
ered by n generators. We define this harvester coefficient θi 
for any generator gi as
which corresponds to the product of the three factors κ1, κ2 
and κ3 we presented in the previous section. In this product, 
κ1 and κ2 will act as positive modifiers, e.g. higher values 
represent a better harvester performance. The factor κ3 is a 
negative modifier causing a decrease in θ if the deviation of 
the generator output with respect to its average increases. 
Because κ1, κ2 and κ3 are all positive values, also θ will be 
a positive value which, however, does not directly reflect the 
size of the corresponding generator in the system. The exam-
ples below illustrate the effectiveness and interpretation of θ.
Example 1 consider 2 generators g1 and g2 with respec-
tive efficiencies ηg1 and ηg2 . To demonstrate the effect of 
θ, the output power of both generators will be held at unity 
(pg1 = pg2 = 1). assume ηg1 a square wave with period 1 
and duty cycle of 50 %
and
In this example the period of the system will arbitrarily be 








0.9 if t < k2
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The corresponding surfaces of the ratios between ηg1 
and ηg2 are shown in Fig. 5. comparing the results for κ1 
shows a significantly higher value for κ1[g2] = 4.61 than 
for κ1[g1] = 0.602. In this example, this is attributed to 
the averagely higher efficiency of g2 and the very low effi-
ciency of g1 during the low period halves of the square 
wave. Proceeding to the calculation of κ2 for g1 and g2 
results in
again the value of κ2[g2] is higher because the average 
power output of g2 is higher than that of g1. Finally, calcu-























































The value of κ3[g2] is lower than κ3[g1] in this case 
because the output of g2 is more constant than the output of 
g1. combining the values obtained for κ1, κ2 and κ3 for both 
g1 and g2 results in
The values for the harvester coefficients θ1 and θ2 differ by 
more than a factor 30. This indicates that generator g2 is 
the better choice and the preferred candidate for size opti-
mization. Since for either generator 0 < θi, both are able to 
support the system autonomously, and since neither genera-
tor has zero points in its power output, neither is critical. a 
counter example will be given below.
Example 2 consider 2 generators g3 and g4 with power 
outputs pg3ηg3 = cos (t) + 1 and pg4ηg4 = 0.12π cos (t), 
as shown in Fig. 6. In this example, pg_3 ≥ 1 so that 
0 ≤ pg3ηg3 < ∞. Furthermore, pg_3ηg_3 has a zero point. 
calculating the factors κ1, κ2 and κ3 for g3 and g4 in a peri-
odic interval [0, 6] results in the values below.
κ1 κ2 κ3 θ
g3 4.186 4.857 0.311 6.330
g4 440.8 0.206 0.991 89.95
Due to the complexity of the integral calculations, 
shown values are approximated using Wolfram Mathemat-
ica. It is clear that the generator coefficient θ4 of generator 
g4 dominates the balance, indicating a strong advantage for 









Fig. 5  Graphical representation of the optimization problem for 
a system powered by 2 generators with output efficiencies follow-
ing a square wave and a sine arc. as shown, 0 ≤ ηg1 , ηg2 ≤ 1 and 
µg1 , µg2 = 1. Continuous curves represent ηg1 and ηg2 while dotted 
curves correspond to the power ratios. note the high values on a log 
scale for ηg2
ηg1
 as a result of division by a very small value during the 
low period halves of the square wave
Fig. 6  Graphical optimization problem for 2 generators, one having a 
zero point within the interval. note the logarithmic scale
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to asymptotically reach infinity at this point, and the large 
spread in generator power, both contribute to this result. It 
is important to note here that, due to the continuous time 
integral for the calculation of the ratio surfaces, κ1 does not 
result in infinity because of the asymptote to the zero point. 
a high value for θ may be result of a zero point for other 
harvesters, but may also be a result of a low average output 
of other harvesters.
6.4  computation for regime benchmarking
While an analytical approach as presented in the previ-
ous paragraph is useful for harvesters with a very complex 
power output regime, in practical situations this may often 
not be necessary. Many real world harvesters show rather 
slow variations in their power output. commonly used 
examples exhibiting this behavior are solar cells, Peltier 
elements, and so on. For a system powered by these gen-
erators it is not necessary to construct continuous functions 
of their power output and calculate their generator coeffi-
cients. Instead, it is more efficient to use acquired samples 
from benchmarking the environment of future deployment 
directly.
6.4.1  θ in discrete time domain
The eqs. (13), (14) and (15) can be ported to the discrete 
time domain by discarding the intervals between samples 
from the balances. Were in continuous time domain inte-
grals have the function of calculating the surface under 
the curves, in discrete time domain the same can be done 
by summing the known samples. Because this eliminates 
integrals from the equations all together, the computation 
of θ becomes mathematically much simpler. This allows 
the calculation to be done on an embedded sensor node for 
benchmarking of the environment, for example.
If the discrete time domain measurement of the power 
output of a generator gi results in j samples for pgiηgi , then 
the equations for κ1, κ2 and κ3 can be expressed as follows:
an equal number of samples needs to be taken for every 



















































Implementation of the equations above as algorithms 
in software is very straight forward since every κ can be 
calculated by means of basic arithmetic functions, and 
the sum functions can directly be translated into software 
loops. The memory footprint of an embedded implemen-
tation can remain small because samples are manipulated 
sequentially, and no backtracking or recursion is neces-
sary. In this regard it should be noted that in the discrete 
time domain, the problem of harvester size optimization is 
no longer a semi-infinite computation problem because the 
number of constraints is now finite and equal to the number 
of samples. however, as obtaining a solution through this 
method would require a vast set of equations to be solved, 
the method presented above is more friendly to implemen-
tation on embedded systems.
7  Practical generator sizes
as mentioned before, it is realistically unfeasible to inte-
grate harvesters with arbitrary size into the system because 
of economic and practical limitations.
7.1  Scale limitations
although some harvesters scale very well to smaller or 
larger sizes, such as solar cells, other harvesters will be 
subjected to minimal physical sizes (such as mechani-
cal turbines). Others only scale with natural multiples of 
a basic harvester block, such as piezoelectric harvesters. 
This should be kept in mind when solving the optimization 
problem to avoid excessive deviations between calculated 
and practical total harvester sizes.
7.2  Manufacturing limitations
While in large volume applications it may be economically 
feasible to manufacture harvesters with custom sizes to 
precisely fit the needs of a specific electronic system, this 
may only rarely be the best option. aside from the higher 
cost of custom harvester sizes, it is wise to overscale the 
harvesters to compensate for reduced generator output due 
to wear over prolonged periods of time. In this regard it is 
deemed more practical to select an off-the-shelf generator 
with the next higher generator output compared to the val-
ues obtained through mathematical calculation of the mini-
mally required size.
7.3  combining multiple harvesters
When designing a system, care must be taken so that all 
generators are placed in an optimal configuration. For 
example, a system deployed in a cubic enclosure and 
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powered with solar energy should not be coated on all 6 
sides with 16 of the calculated solar cell surface, since for 
obvious reasons only 1 side will receive an optimal energy 
flux at any given time.
There are, however, many combinations that may turn 
out to be profitable from an energetic and economic per-
spective. a magnetic vibration harvester may for example 
be enclosed in a box together with the system’s electron-
ics, while the outside of the box is coated with piezoelec-
tric or photovoltaic cells. even photovoltaic and piezo-
electric cells can be stacked since only the photovoltaic 
cells need to be exposed to light, as shown in Fig. 7. list-
ing all possible combinations would be pointless because 
of the application specific nature of this problem. con-
sequentially it should be understood that the specific 
requirements involved with the design of an ambient 
energy powered system extend far beyond limited math-
ematical calculations.
7.4  example
To illustrate the practical usefulness of the presented the-
ory, consider a sensor embedded systems as example. This 
system consists of a state of the art ultra low power micro-
controller, an MSP430 from Texas Instruments (nagy and 
Pederson 2003) and an SD card to allow data storage. It 
is also equipped with a humidity sensor to allow monitor-
ing of indoor humidity through the year. The sensor node is 
mounted to a heater, facing a window on the other side of 
the room. The system must be powered by environmental 
energy using integrated energy harvesters.
as discussed above, the unknowns in this problem 
are the power consumption of the system Ps, the types of 
harvester(s) used, their nominal power pn, sizes μn and effi-
ciency ηn. Using eq. 8, the problem can be split in 2 halves 
that can be resolved separately: power consumption and 
power generation.
7.4.1  Power consumption
To sample, process and store the actual humidity value 
once per day, the system will remain active for only 250 ms 
per day, spending the remainder of the time dormant. From 
application nodes and data sheets, the active current con-
sumption of the sensor is 5 ma, of the MSP430 at 2 Mhz 
ca. 500 μa, and the flash SD card 60 ma (nagy 2003; 
lourens et al. 2008; Foust 2004). In dormant mode (sleep 
with rTc enabled) the sensor and flash card are powered 
off and the MSP430 consumes 1 μa. at a system voltage 
of 3.0 V (nagy 2003), the energy required over the entire 
period of one day is 308.3 mJ and assumed independent of 
the time of the year.
7.4.2  Power generation
Through benchmarking it is determined that the two most 
prominently available environmental energy sources 
are heat (from the heater the system is attached to) and 
ambient light (from natural and artificial light sources). 
The 3 parameters p,  μ and η must be determined for 
these 2 harvesters. Firstly, the parameter η can be found 
either through the same benchmarking process or by 
consulting literature. artificial light intensity is, with a 
small error, nearly constant while natural light inten-
sity changes with the time of the year. literature (leslie 
and Martin 2009) shows an average daylight function of 
H(t) = 8.5 sin (0.017t − 1.35) + 12. after scaling to match 
efficiency, an approximate efficiency for photovoltaic gen-
erator g1 is obtained:
(20)η1() = 119 · 8.5 sin (0.017t − 1.35) + 12
Fig. 7  cross section of a generic ambient energy powered embedded 
system using a combination of different energy types and generators. 
The outside surface of the system is covered with photovoltaic cells 
(1) which are mechanically joined (3) to piezoelectric crystals to gen-
erate energy from impulses on the system’s surface. The inside vol-
ume is not critical, and can be filled with magneto-mechanical gener-
ators (4). room for an optional capacitor or battery for energy storage 
is also provided (5)
Fig. 8  approximated evolution of harvester efficiency over a one 
year (365 day) period
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The efficiency of the thermoelectric generator g2 is less 
complex because its efficiency is a function of the heater’s 
activity and the room temperature. In summer it is com-
pletely turned off but acts as a heat sink, allowing reverse 
heat flux to flow. In winter, on the other hand, The tempera-
ture difference is high and will only see a slight drop when 
the room heats up. Thus, the efficiency can be expressed 
as a square wave signal, and approximated using a Fourier 
series to allow easier numeric computation. For simplicity, 
a 5th order approximation will be used:
This information can now be used to calculate the values of 
κ1, κ2 and κ3 for both harvesters, as shown below:
κ1 κ2 κ3 θ
g1 2.602 1.005 0.153 0.400
g2 4.191 0.995 0.099 0.412
Due to the complexity of the integrals, calculations were 
numerically approximated using Wolfram Mathematica. 
(Smith 1974; Krommer and Ueberhuber 1994). With only 
3 % difference in value between θ1 and θ2, it can be con-
cluded that, in this specific configuration, both harvesters 
have a comparable efficiency and neither has a clear advan-
tage over the other. Both values are also fairly low, indicat-
ing that both harvesters are able to power the system inde-
pendently of the other if necessary. This can also be seen in 
graph 8, where solid lines represent the efficiencies of g1 
and g2 as η1(t) and η2(t) for a constant p.
The given harvesters can be operated complementary, and 
balance each others maxima and minima out. This can also 
be found when calculating the difference of both functions, 
since for perfect complementation, d
dt
(η1(t) + η2(t)) = 0. 
The efficiency proportions are graphically represented in 
Fig. 8. 
With the environment and the magnitude of its ambi-
ent energy sources known, the harvesters can now be 
dimensioned. To harvest light, a photovoltaic cel from 
First Solar (Von roedern et al. 2006) is selected with 
a nominal power of 60 W ± 8.3 % for a cell surface of 
60 x 120 cm. This corresponds to a power p1= 83 W/
m2. as thermoelectric harvester, an eTeG hV37 (nex-
treme 2012) was selected with an extrapolated power of 
222 mW at its maximum temperature difference of 200 
K. With a volume of 4.3 mm3, the generator power is 
p2 = 51.7 kW/m3.
Based on these figures and the values of θ1 and θ2 calcu-
lated for each harvester previously, the most optimal con-











distribution among the generators. To generate 308.3 mJ 
over its period of one day, a combined average harvester 
power of 5.9 μW is required for power conversion effi-
ciency of 60 % (including charge-discharge efficiency of 
super capacitors). This can be optimally generated with 
3.5 cm2 solar cells (keeping in mind day-night cycle and 
reduced indoor efficiency) and a single eTeG hV37 (con-
sidering T ≈ 10 K).
8  Parametrization of generator efficiency
The efficiency ηg of a generator is one of three parameters 
determining the total power output of a generator—the other 
two being the generator’s normalized maximum output pg 
and its size μg. To answer the question which parameters 
influence ηg, the generator must be placed in the environ-
ment from which it is supposed to extract ambient energy. 
Parametric dependencies can be reduced to 3 categories: 
1. the amount of ambient energy the generator is able to 
capture;
2. the fraction of the generator exposed to the energy 
source;
3. variations of environmental parameters outside the reg-
ular generator scope.
During normal operation the maximum power pg and the 
generator size μg will remain constant, making ηg the vari-
able that determines the total amount of energy the genera-
tor produces since Pg = pg μg ηg. To ensure stable opera-
tion of the system, it is necessary to know the function ηg(t) 
as precisely as possible, which is immediately the most 
sensitive and complex problem in the design process of an 
ambient energy powered system.
8.1  ambient energy quantity
The amount of ambient energy in range of the generator φ 
is the primary factor that determines ηg, for a generator with 
a constant size μg. The value of φ is independent from the 
generator’s size, and solely a function of external factors, 
making φ the main reason why ηg cannot be calculated by 
conventional means but must be experimentally determined.
In most cases φ follows patterns that can be approxi-
mated, but in some applications φ may prove to be rela-
tively constant, for example the temperature gradient 
between a steam pipe in a power plant and the surrounding 
air. When captured with an appropriate generator such as a 
Peltier element, the resulting power output Pg will be stable 
since pg and μg are also constant.
conditions like these are exceptional however, and in 
any other situation the careful determination of ηg(t) proves 
1020 Microsyst Technol (2014) 20:1007–1021
1 3
to be the most difficult aspect of the design of an ambient 
energy powered system.
8.2  Generator exposure
In contradiction with a common perception involving the 
dimensioning of generators, the exposure of the generator 
to the ambient energy source is subject to change. In this 
situation both μg and φ remain constant, but external factors 
reduce the amount of energy the generator is able to capture. 
examples include a micro turbine getting stuck because of 
dust/debris in the fluid stream, or the angle of a light source 
changing over α degrees with respect to a photovoltaic cell 






a second case exists when the yield of the generator does 
not scale up linearly with μg. This happens when the gen-
erator is composed of k different units with each a discrete 
size μ, where μg ≥ k μ. When calculating the generator’s 
size, this implies no arbitrary μg can be chosen as it should 
be a multiple of μ. The discrepancy between both, μg − kμ 
can de facto be considered a part of the generator that is not 
exposed to the energy source, with k = ⌊µg
µ
⌋. Practically, 
generators which exhibit this behavior, such as piezoelectric 
crystals for instance, will make note of μ and the maximum 
power that corresponds to it, allowing further calculation 
using the formulas above nonetheless.
8.3  environmental parameters
changing environmental parameters can be caused either 
by external phenomena, from which weather is the most 
variable, or by the system itself. aside from very few 
exceptions, these system induced changes are exclusively 
related to warming up due to heat dissipation in hermeti-
cally sealed containers with an external energy input. 
Unfortunately, the system induced changes in environ-
mental conditions are negligible compared to influences 
of weather, humans or natural causes. as these parameters 
have an unpredictable nature and are only obtainable by 
means of exhaustive benchmarking and field testing, it is 
advisable to protect the generator against external varia-
tions or make it immune to them.
as a side note, it is important to point out that those 
influences having a detrimental effect on the generator’s 
performance usually also shorten the life time of the gen-
erator, effectively providing two reasons to shield them 
against changing environmental parameters.
9  Future work
Quantization of the parameters responsible for the behav-
ior of ηg over one system period T is not possible with 
theoretical means due to the large number of factors that 
influence the amount of available ambient energy. The only 
reliable way to retrieve the required ηg(t) function is bench-
marking the generator in a concrete real life setting. This 
makes the development of an active field benchmarking 
platform with a test setup for the presented software algo-
rithm an important aspect of future work in this area.
current research focuses on the analysis of ambient 
energy sources together with their respective known tech-
niques for harvesting energy from them. Determining the 
correlation between the normalized maximum power out-
put pg and the relationship between pg and the amount of 
energy being captured by the generator is an ambiguity 
saturated research problem. This problem is further made 
complicated by the tendency of generator manufacturers to 
use different references for comparison. Modeling of exist-
ing energy harvesting generators and performance bench-
marking where possible should allow for a set of practi-
cally usable values pg.
Furthermore, porting the theoretical approximations in 
this publication to the broader perspective of generalized 
embedded systems allows the development of smaller, 
cheaper and more effective applications while bringing 
more electronic devices in range of energy harvesting using 
present day energy harvesting techniques.
Finally, the semi-infinite computation problem in the 
continuous time domain for complementary balanced har-
vesting with multiple harvesters is unresolved, despite the 
practical approximation presented in this paper. additional 
work in theoretical mathematics may further advance this 
field of research.
10  Conclusion
This paper presented a novel model for parametrization 
of ambient energy harvesters. It was shown that physical 
and electrical properties of generators can be expressed 
as a maximum power and an environment dependent 
efficiency. The minimum size of any generator can now 
be calculated for a combination of system requirements 
and the target environment of the system using a straight 
forward design methodology. Successful application of 
the presented model in the design of an ambient energy 
powered electronic system demonstrated its versatility 
and ease of use. It was shown that the efficiency param-
eter can quickly be obtained by normalized benchmark-
ing of the target environment. We concluded with the 
development of a practical approximation for solving the 
semi-infinite computation problem of balancing harvest-
ers, and introduced the harvester coefficient as a method 
of quickly calculating the performance of a generator in a 
multi generator system.
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